INTRODUCTION
The activation of protein kinase C (PKC) by cellular agonists or directly with the phorbol ester PMA results in the stimulated turnover of phosphatidylcholine (PtdCho) in many cell types [1, 2] . However, a direct role of phosphorylation by PKC in the PtdCho biosynthetic pathway has not been demonstrated [3] [4] [5] . Recently PKC has been shown to mediate the degradation of PtdCho via the activation of phospholipase D (PLD) [6] [7] [8] .
The hydrolysis of PtdCho by PLD generates choline and phosphatidic acid, which can be metabolized to the signalling molecules diacylglycerol, an endogenous activator of PKC [9] , or lysophosphatidic acid [10] . Phosphatidic acid itself can also function as a second messenger [2, 11] . Several activators of PLD have been described, including PKCα, PtdInsP # and the small GTP-binding proteins, ADP-ribosylation factor (ARF), Rho, Rac and Cdc42 [7, 8] . A PLD activated by unsaturated fatty acids but not by PtdInsP # or GTP-binding proteins has also been described [12] . Two mammalian genes for PLD have been cloned. PLD1 required PKCα, PtdInsP # and ARF for activation and was localized to perinuclear membranes [13, 14] . PLD2 localized to the plasma membrane and required only PtdInsP # for activation [14] . The activation of PLD by ARF and Rho proteins points to a role for PLD in vesicular trafficking and cytoskeletal organization [7, 8, 14] .
In previous studies with several neural-derived cell lines, we correlated the PKC-dependent stimulation of PtdCho synthesis with the expression of PKCα and a major PKC substrate, myristoylated alanine-rich C-kinase substrate (MARCKS) [15, 16] . MARCKS is a heat-and acid-stable protein of 30 kDa Abbreviations used : ARF, ADP-ribosylation factor ; bIM, bisindolylmaleimide hydrochloride ; DMEM, Dulbecco's modified Eagle's medium ; MARCKS, myristoylated alanine-rich C-kinase substrate ; PKC, protein kinase C ; PLD, phospholipase D ; PtdCho, phosphatidylcholine ; PtdEtn, phosphatidylethanolamine. 1 To whom correspondence should be addressed (e-mail h.cook!dal.ca).
observed after a 15 min time lag, suggesting that the hydrolysis of PtdCho by PLD preceded synthesis. The formation of phosphatidylbutanol by PLD was greatest when PtdCho was the predominantly labelled phospholipid, indicating that PtdCho was the preferred, but not the only, phospholipid substrate for PLD. Cells overexpressing MARCKS had 2-fold higher levels of PKCα than in vector control cells analysed by Western blot analysis ; levels of PKCβ and PLD were similar in all clones. The loss of both MARCKS and PKCα expression at higher subcultures of the clones was paralleled by the loss of stimulation of PLD activity and PtdCho synthesis by PMA. Our results show that MARCKS is an essential link in the PKC-mediated activation of PtdCho-specific PLD in these cells and that the stimulation of PtdCho synthesis by PMA is a secondary response.
that runs anomalously on SDS\PAGE at approx. 80 kDa. The protein contains a centrally located basic domain in close proximity to the PKC phosphorylation site, termed the effector domain, that binds actin, Ca# + \calmodulin and acidic phospholipids [17, 18] . Phosphorylation of MARCKS prevents binding to the effector domain and is associated with the translocation of MARCKS to the cytosol [17] [18] [19] . MARCKS has been shown to inhibit phospholipase C in itro by sequestering its substrate, PtdInsP # , in membranes [20] ; inhibition was released by the phosphorylation of MARCKS. Although the functions of MARCKS are not known, it has been implicated in actinmembrane interactions [18, 21, 22] , phagocytosis [23] and secretion [24] , functions similar to those proposed for PLD [7, 8] .
We have overexpressed MARCKS or PKCα in SK-N-MC human neuroblastoma cells that are normally unresponsive to PMA [25] . Clones overexpressing MARCKS, but not those overexpressing PKCα only, increased PtdCho synthesis in response to PMA [26] . We now show that the overexpression of MARCKS increases both the basal and the PMA-stimulated PLD activity, suggesting that the presence of MARCKS is essential for the PKC-mediated activation of PtdCho-specific PLD in these cells.
EXPERIMENTAL

Materials
[methyl-$H]Choline chloride (80 Ci\mmol), [9,10- 
Cell culture
SK-N-MC human neuroblastoma clones stably overexpressing human PKCα or rat MARCKS or containing vector alone were prepared as described previously [26] . Cells were maintained in 75 cm# flasks in Dulbecco's modified Eagle's medium (DMEM) containing 10 % (v\v) fetal bovine serum and 350 µg\ml G418. Cells were grown at 37 mC in a humidified atmosphere of air\CO # (19 : 1) and subcultured every 7 days. For most experiments, cells were grown to subconfluence in 35 mm dishes in DMEM with 10 % fetal bovine serum ; medium was changed to DMEM without serum 18 h before use.
Determination of PLD activity
Cells were prelabelled with [$H]oleic acid or [$H]myristic acid for 18 h or with [1-"%C]eicosapentanoic acid (0.5 µCi) for 48 h. Radiolabelled medium was removed ; cells were then washed and incubated in 1 ml of DMEM for 1 h. PMA (100 nM) suspended in DMSO or DMSO alone (less than 0.2 %, v\v) and butan-1-ol (0.6 %, v\v) were added and incubation was continued for 1 h. Where indicated, bIM was added 15 min before other additions and was present for the entire incubation period. Cellular lipids were extracted and the distribution of radioactivity was determined by TLC on silica HL 60 plates with the organic phase from ethyl acetate\iso-octane\acetic acid\water (65 : 10 : 15 : 50, by vol.) [27] . Plates were scanned with a Bioscan Imaging Scanner System 200-IBM ; lipids and derivatives were identified by comparison with standards and phosphatidylbutanol synthesized with plant PLD [28] .
Determination of PtdCho synthesis
Cells were incubated with [methyl-$H]choline (4 µCi) and β-PMA or DMSO for 1 h. Oleic acid was added to medium suspended in sterile BSA [29] . Cells were harvested, extracted into lipid and aqueous fractions and quantified as described previously [30] . TLC of the lipid fraction indicated that more than 98 % of the radioactivity was in PtdCho after 1 h of incubation. Choline-containing, water-soluble metabolites were separated by TLC [30] .
Western blotting
Cells were treated with 100 nM PMA or DMSO for 15 min and washed twice with 20 mM Tris\HCl,\0.1 M NaCl (pH 7.5) (Trisbuffered saline). Cytosol and membrane fractions were prepared by sequential extraction in buffers containing digitonin (100 µg\ml) or Triton-X100 (1 %) [15, 25] . Total protein in each fraction was quantified with a micro-bicinchoninic acid assay (Pierce). Proteins were precipitated with acetone and resuspended by boiling in 1.25 % (w\v) SDS\60 mM Tris\HCl\12 % (v\v) glycerol\0.001 % Bromophenol Blue\3.5 % (v\v) 2-mercaptoethanol for detection of PKC and PLD. Proteins (10-20 µg) were separated by SDS\PAGE and transferred to membranes (0.45 µm pore size) with a Bio-Rad Mini-Protean II system [15] . MARCKS antibody was prepared from a MARCKS-GST fusion construct in pGEX-5X3 vector (Invitrogen). The fusion protein contained the C-terminal half of rat MARCKS extending from residue 138 to 309 including the calmodulin-binding domain [31] . MARCKS was detected with primary sera from rabbits [15] . PKC antibodies were from Santa Cruz ; PLD antibody was from Upstate Biotechnology. Secondary antibody was goat anti-(rabbit IgG) antibody conjugated to horseradish peroxidase. Proteins were detected with an enhanced chemiluminescence kit. Bands were scanned with an Apple One Scanner with Ofoto software (Light Source) and analysed with NIH Image version 1.55 software (Research Services Branch, NIMH).
RESULTS
Effects of MARCKS and PKCα overexpression on PMA-stimulated PLD activity
In previous studies we observed that four separately isolated clones derived from human SK-N-MC cell lines and stably overexpressing rat MARCKS showed a doubling in incorporation of [methyl-$H]choline into PtdCho in response to treatment with PMA [26] . PtdCho synthesis was not stimulated by PMA in clones overexpressing human PKCα or in vector controls. As activation of PKC by PMA is known to stimulate PLD activity [6] [7] [8] , we assessed PMA-stimulated PLD activity in the overexpressing clones by measuring the formation of [$H]phosphatidylbutanol in cells prelabelled with myristic acid, oleic acid or eicosapentaenoic acid (Table 1 ). The vector control and PKCα clone (α6) responded to PMA with stimulation of PLD activity ; however, both basal (in M12 and M22) and PMA-stimulated 14 C]eicosapentaenoic acid. Cells were washed and incubated for 1 h in fresh medium containing 0.6 % (v/v) butan-1-ol and DMSO or 100 nM PMA. Where indicated, 5 µM bIM was added 15 min before butan-1-ol and DMSO or PMA. The formation of [ 3 H]phosphatidylbutanol was determined as described in the Experimental section. Results are expressed as percentages of total lipid radioactivity in phosphatidylbutanol and are meanspS.E.M. for the number of independent determinations shown in parentheses. Significant differences between vector and overexpressing clones for DMSO controls and PMA treatment were determined by using analysis of variance for normal data and the Tukey test. *P 0.05 ; **P 0.01 ; ***P 0.005. Abbreviation : n.d., not determined. 
Figure 1 Effects of PMA concentration on PLD activity in cells transfected with vector, MARCKS or PKCα
Cells were labelled for 18 h with PLD activities were significantly increased in cells overexpressing MARCKS, irrespective of the fatty acid label used. PMAstimulated PLD activity was inhibited by co-incubation with 5 µM bIM, a concentration previously shown to inhibit PKC activity completely in glioma cells [28] . Stimulation of PLD activity was dependent on the PMA concentration, with maximal stimulation observed at 100 nM PMA (Figure 1) .
Although most studies indicate that PtdCho is the preferred substrate for agonist-stimulated PLD, degradation of phosphatidylethanolamine (PtdEtn) has also been reported [6] . To determine whether MARCKS-dependent PLD activity was specific for PtdCho, we compared the relative distributions of radioactivity in phospholipids and the levels of phosphatidylbutanol formed in cells prelabelled with [$H]myristic acid or ["%C]eicosapentaenoic acid (Table 1) . Maximum activity for all clones was observed with [$H]myristic acid-labelled phospholipids ; under these conditions, more than 75 % of total phospholipid radioactivity was in PtdCho and only 15 % was in PtdEtn. Lowest levels of PLD activity were observed in cells prelabelled with ["%C]eicosapentaenoic acid, which predominantly labelled PtdEtn (60 %) ; only 20 % of radioactivity was incorporated into PtdCho. However, PLD activity was stimulated 10-fold by PMA in cells prelabelled with ["%C]eicosapentaenoic acid, in comparison with a 3.5-fold stimulation in [$H]myristic acid-labelled cells. Together these results indicate that PtdCho is probably the preferred substrate for PLD but contributions from PLD hydrolysis of PtdEtn cannot be excluded.
In the MARCKS-transfected clone, there was a linear, timedependent increase in PLD activity in response to PMA up to 60 min without an initial lag (Figure 2 , top panel) but no increase Overexpression of MARCKS or PKCα had no effect on choline uptake from medium or conversion to phosphocholine. However, in the M12 clone after 15 min of treatment with PMA, radioactivity in phosphocholine was less than in cells treated with DMSO alone. These results are consistent with the delayed activation of cytidylyltransferase, the rate-limiting step in PtdCho synthesis, in response to PMA.
Expression of MARCKS, PKCα, PKCβ and PLD
The expression of PLD1 in membrane and cytosol fractions prepared from vector controls and cells overexpressing MARCKS or PKCα was monitored with a commercial antibody (Figure 3) . The relative intensities of the immunoreactive band at 120 kDa were similar for all three clones, indicating that the overexpression of MARCKS or PKCα had no effect on PLD1 expression. PLD1 was observed only in membrane fractions and its distribution was unaltered by PMA treatment. Although the Although not an absolute proportional correlation, there was a general trend for increased PLD activity (Table 1) as the level of MARCKS overexpression increased. Levels of PKCα were increased 1.7-fold in lysates from the MARCKS clones compared with vector control cells (Figure 4 ). When the membrane fractions from unstimulated cells were examined (Figure 4b ), PKCα levels were increased 11-fold over control cells. In contrast, levels of endogenous PKCβ or PLD1 expression did not differ appreciably from those in control cells in any of the MARCKS clones. 
Figure 4 Western blot analysis of MARCKS, PKCα, PKCβ and PLD1 expression in the vector control and MARCKS-overexpressing clones
Figure 5 Effect of PKC inhibition on translocation of MARCKS and PKCα by PMA
M12 cells were preincubated with or without 5 µM bIM for 15 min followed by a 15 min incubation with DMSO or 100 nM PMA (TPA). Soluble and membrane fractions were obtained by sequential extraction with digitonin and Triton X-100. Proteins (10 µg) were separated by SDS/PAGE, transferred to nitrocellulose and probed with antibody against PKCα or MARCKS.
Table 2 Translocation of PKCα and MARCKS
M12 cells were treated as described in the legend to Figure 3 . Autoradiographs were scanned and results are expressed relative to DMSO controls. Results are meanspS.E.M. for three to seven separate experiments. Significant differences between PMA and PMAjbIM were calculated by using analysis of variance for normal data and the Tukey test. *P 0.005 ; **P 0.01. 
Translocation of MARCKS and PKCα by PMA
The phosphorylation of MARCKS after stimulation and translocation of PKC to a membrane-bound active form is associated with the translocation of MARCKS from membranes to the cytosol [18, 19] . Under basal conditions, 48 % of overexpressed MARCKS protein in the M12 clone was associated with the cytosolic fraction and 52 % with membrane ( Figure 5 ). Treatment with 100 nM PMA for 15 min resulted in a 30-50 % increase in cytoplasmic MARCKS with a concomitant decrease in membrane-associated MARCKS (Table 2) , whereas PKCα was translocated from a predominantly cytosolic location to the membrane. Co-incubation with the PKC inhibitor bIM had no effect on translocation of PKCα but bIM inhibited translocation of MARCKS to the cytosol (Table 2 ) and inhibited PLD activation in the presence of PMA (Table 1) . Results suggest that the phosphorylation of MARCKS by PKC is necessary for the activation of PLD and the translocation of MARCKS.
Correlation of loss of MARCKS and PKCα expression with a decline in PMA-stimulated PLD and PtdCho synthesis
As the passage number of MARCKS-expressing clones increased, there was a loss of PMA-stimulated PLD activity and PtdCho synthesis (Table 3) . When MARCKS expression in M12 cells was compared at low (subculture 8) and high (subculture 26) passage numbers, levels of rat MARCKS were decreased by more than 60 % in the older cells ( Figure 6 ). Increased expression 
Figure 6 Co-ordinate loss of MARCKS and PKCα expression at high subculture number
Total cell lysates from vector control cells, M12 cells at low passage number (sc8), M12 cells at high passage number (sc26) and α6 cells were prepared as described in the Experimental section. Proteins (10 µg) from duplicate dishes were probed with antibody against PKCα or rat MARCKS.
of PKCα in M12 cells seen at low passage number was decreased to the levels observed in control cells as the passage number increased.
Possible role of Golgi and cytoskeleton in PLD activation
As both PLD and MARCKS have been proposed to function in cytoskeletal rearrangements [7, 8, 20, 21, 23, 24] , we evaluated whether the observed effects of MARCKS overexpression on PLD activity might be dependent on an intact cytoskeleton. M12 cells were treated with 10 µM cytochalasin D or colchicine, which disrupt microfilaments and microtubules, respectively. These agents caused appreciable rounding up and contraction of cells, characteristic of cytoskeletal rearrangements [32] ; however, they had no effect on the ability of PMA to activate PLD (Table  4) or to stimulate PtdCho synthesis (results not shown). Treatment of M12 cells with 10 µg\ml brefeldin A, a fungal metabolite that disrupts the Golgi apparatus [33] , did not affect basal or PMA-stimulated PLD activity. As MARCKS binds Ca# + \ calmodulin near the PKC phosphorylation site [17] [18] [19] , we also tested the effect of several calmodulin antagonists, including calmidazolium, N-(6-aminohexyl)-5-chloro-1-naphthalenesulphonamide,HCl and trifluoperazine, on PMA-stimulated PLD activity. None of these agents altered the ability of PMA to activate PLD in M12 cells.
DISCUSSION
In this study we have shown that MARCKS enhances the PMAdependent activation of PLD in SK-N-MC cells. Activation of PLD by PMA and degradation of PtdCho preceded the increased Table 4 Effect of cytoskeletal and Golgi disruption and calmodulin inhibition on PMA-stimulated PLD activity PLD activity was determined in M12 cells prelabelled with [ 3 H]myristic acid as described in the Experimental section. Before the assay, cells were treated for 30 min with 10 µM cytochalasin D or colchicine, for 10 min with brefeldin A (10 µg/ml) or for 5 min with 10 µM calmidazolium, 1 µM trifluoperazine or 1 µM N-(6-aminohexyl)-5-chloro-1-naphthalenesulphonamide,HCl (W7). Results are expressed as the percentage of total lipid radioactivity in phosphatidylbutanol and are meanspS.E.M. for the number of independent determinations shown in parentheses. Significant differences between treatments were calculated by using analysis of variance and the Tukey test. *Significantly different from no addition ; P 0.05. incorporation of [methyl-$H]choline in response to PMA, suggesting that stimulation of PtdCho synthesis by PMA is a secondary response to replace PtdCho, possibly to re-establish local membrane integrity. Functional association of MARCKS and PKCα is indicated by the enhanced levels of PKCα in MARCKS-overexpressing clones and the co-ordinate loss of both MARCKS and PKCα in cells at increased passage number. Many cellular agonists, including PMA, elicit cellular responses by activation of PtdCho-specific PLD [2, [6] [7] [8] . All SK-N-MC clonal cell lines reacted to PMA with some increase in PLD activity but the response was greatly enhanced in clones overexpressing MARCKS, irrespective of the fatty acid label used. Highest phosphatidylbutanol formation was observed with myristic acid, which was distributed predominantly in PtdCho ; lowest levels of phosphatidylbutanol were observed in cells prelabelled with eicosapentaenoic acid, esterified predominantly in PtdEtn. Basal PLD activity was also higher in MARCKSexpressing cells when PtdCho was the major labelled phospholipid. When cells were labelled with eicosapentaenoic acid, basal activity was low in all clones ; however, stimulation by PMA was highest under this labelling condition. Differences in basal and activated PLD activities observed with the various fatty acids used might reflect the presence of several isoforms of PLD in these cells that differ in substrate specificity. Overexpression of PLD1 in COS-7 cells [14] exhibited a low basal activity that was stimulated 10-fold by PMA. In contrast, PLD2 overexpression yielded a high basal activity that was stimulated only 2-fold by PMA. All clonal lines in the present study expressed PLD1 ; however, the presence of other isoforms including PLD2 is currently unknown.
PKCα has been implicated as a major mediator of phorbol ester-stimulated PLD hydrolysis of phospholipids [34] [35] [36] , however, the mechanism of activation is not clear. In Swiss-3T3 cells, the overexpression of PKCα increased both basal and PMAstimulated PLD activities, prompting the conclusion that PKCα might have a role in regulating PLD expression [37] . The possibility that the stimulation of PLD1 expression by MARCKS was responsible for enhanced PLD activity in M12 cells seems unlikely, as overexpression of MARCKS or PKCα had no effect on PLD1 levels ; however, effects on other PLD isoforms cannot be excluded. Other workers have proposed that activation of PLD by PKCα occurs independently of phosphorylation but requires association of the regulatory domain of PKC [34] . Inhibition of PKC activity by bIM had no effect on the PMAmediated translocation of PKCα to membranes, whereas both translocation of MARCKS to the cytosol and PLD activity were inhibited. These results suggest that activation of PLD by PKC is dependent on the phosphorylation of some component, probably MARCKS. In neutrophils, the activation of PLD by conventional isoforms of PKC was dependent on the phosphorylation of a target protein located in the plasma membrane [38] .
The overexpression of PKCβ in rat fibroblast cells enhanced PMA-stimulated PLD activity [39] and suggested a role for this PKC isoform in PLD regulation. Despite high levels of endogenous PKCβ in the parental SK-N-MC cell line and of PKCα in α6 cells, a major increase in PLD activity was observed only in MARCKS-transfected clones, suggesting that MARCKS is a limiting factor in PLD activation by PMA in these cells. Although a role for PKCβ cannot be excluded, several observations suggest that PKCα is the isoform responsible for the activation of PLD in these cells. Levels of endogenous PKCα were consistently increased in clones overexpressing MARCKS, whereas no change was observed for PKCβ. The loss of PMA-stimulated PLD activity as the number of cell passages increase, concomitant with the loss of both overexpression of MARCKS and enhanced expression of PKCα, suggests that the coexistence, and perhaps the co-ordinated expression, of both MARCKS and PKCα are required for PMA-mediated stimulation of PLD and PtdCho turnover.
To assess whether the effects of MARCKS overexpression on PLD activation and PtdCho synthesis were specific to stimulation by PMA, two other potentially stimulatory agents were examined. The vasoactive peptide endothelin 1 has been shown to stimulate PLD activity in SK-N-MC cells [40] . Endothelin 1 (200 nM)-stimulated PLD activity was 1.8-fold higher in M12 cells than in vector controls (S. C. Morash and H. W. Cook, unpublished work). Thus the presence of MARCKS also enhanced the PLD activity stimulated by an agent that increases endogenous diacylglycerol production and PKC activation. Fatty acids can stimulate PtdCho synthesis [25, 30] and have been shown to activate at least one form of PLD [12] . The stimulation of PtdCho synthesis by fatty acids is the result of rapid translocation of cytidylyltransferase and is independent of PKC activity [30] . In the present study the stimulation of PtdCho synthesis by oleic acid occurred without a delay and was independent of both the activation of PKC and the overexpression of MARCKS. In addition, fatty acids did not alter PLD activity in these cells (S. C. Morash and H. W. Cook, unpublished work). Thus MARCKS was specific for the PMA-activated synthesis of PtdCho mediated by PLD hydrolysis. This is the first description of a role for MARCKS (or any direct PKC-specific protein substrate) in the activation of PLD. Several important aspects of interactions between PKC, MARCKS, PLD and PtdCho turnover have been described, although precise mechanisms involved in the regulation of phospholipid hydrolysis by MARCKS remain unclear. Both MARCKS and PLD are membrane-associated proteins with purported roles in membrane trafficking and in the regulation of the actin cytoskeleton [7, 8, [18] [19] [20] [21] . However, intact cytoskeletal elements did not seem to be necessary for the activation of PLD by PMA, as indicated by the limited effects of disruption of Factin by cytochalasin D or the depolymerization of microtubules by colchicine. These agents also had no effect on PMA-stimulated PtdCho synthesis (S. C. Morash and H. W. Cook, unpublished work). In C6 cells, inhibition of actin polymerization and treatment with calmodulin antagonists had no effect on MARCKS phosphorylation or translocation to cytosol by PMA [32] . PLD has been localized to perinuclear regions including the Golgi [14] , where it might function in the ARF-mediated formation of coated vesicles [41] . Disruption of the Golgi by brefeldin A prevented the binding of ARF to membranes and the subsequent activation of PLD [42] . The lack of effect of brefeldin A in these cells suggests that MARCKS-dependent PLD activity is not Golgi-associated. This result is consistent with the observation that MARCKS localizes to the plasma membrane rather than the Golgi [22] . The regulation of PLD activity in HL-60 cells has recently been shown to be independent of brefeldin A-sensitive ARF [43] . PLD2 has been localized to the plasma membrane in REF-52 cells [14] . Serum stimulation resulted in the redistribution of PLD2 to filopodium-like projections similar to those observed for MARCKS during membrane ruffling and cell spreading [22] , suggesting that this or another as yet unidentified PLD might be the MARCKS-dependent isoform.
MARCKS co-localizes with PKCα at focal adhesion sites [23] and PKCα is an activator of PLD in several cell systems [34] [35] [36] . It is possible that MARCKS might have a role in localizing PLD and PKCα at appropriate membrane sites for subsequent interactions and enzymic activation. The association of MARCKS and PKCα might explain the higher levels of membraneassociated PKCα and the higher basal levels of PLD activity in the MARCKS-overexpressing cells. MARCKS can facilitate the formation of lateral domains in membranes enriched in the acidic phospholipids phosphatidylserine and PtdInsP # [44] . In studies with phospholipid vesicles, MARCKS inhibited PLC by sequestering PtdInsP # ; the phosphorylation of MARCKS by PKC released PtdInsP # , making it accessible as a substrate for PLC [20] . Possibly MARCKS colocalizes PKCα and PLD and sequesters PtdInsP # , a cofactor for PLD activity, so that on phosphorylation of MARCKS by PKC, PtdInsP # would be released to participate in the activation of PLD. Alternatively, MARCKS might bind to an endogenous inhibitor of PLD in a phosphorylation-dependent manner. In the unstimulated cell the inhibitor would be bound to PLD ; agonist stimulation and phosphorylation of MARCKS would increase the affinity of the inhibitory protein for MARCKS, thus releasing PLD for activation. In cells, including the SK-N-MC cell line, that express no or low levels of MARCKS, PLD would be constitutively repressed. The overexpression of MARCKS in these cells would then permit the agonist-dependent derepession of PLD. Several inhibitors that seem to associate directly with PLD have been described, including a small (18 kDa), heat-stable, PLD2-specific inhibitor from bovine brain [14] and the synapse-specific clathrin assembly protein 3 [45] .
It is apparent from our studies that MARCKS is required for the activation of at least one isoform of cellular PLD, although the mechanism and physiological significance have not yet been elucidated. Changes in cellular morphology resulting from activation of PKC are most probably mediated by MARCKS. Whether the known effects of MARCKS on actin binding and cytoskeletal rearrangements are direct or mediated entirely or in part by PLD remains to be determined.
